TRF1 is part of the shelterin complex, which binds telomeres and it is essential for their protection. Ablation of TRF1 induces sister telomere fusions and aberrant numbers of telomeric signals associated with telomere fragility. Dyskeratosis congenita is characterized by a mucocutaneous triad, bone marrow failure (BMF), and presence of short telomeres because of mutations in telomerase. A subset of patients, however, show mutations in the shelterin component TIN2, a TRF1-interacting protein, presenting a more severe phenotype and presence of very short telomeres despite normal telomerase activity. Allelic variations in TRF1 have been found associated with BMF. To address a possible role for TRF1 dysfunction in BMF, here we generated a mouse model with conditional TRF1 deletion in the hematopoietic system. Chronic TRF1 deletion results in increased DNA damage and cellular senescence, but not increased apoptosis, in BM progenitor cells, leading to severe aplasia. Importantly, increased compensatory proliferation of BM stem cells is associated with rapid telomere shortening and further increase in senescent cells in vivo, providing a mechanism for the very short telomeres of human patients with mutations in the shelterin TIN2. Together, these results represent proof of principle that mutations in TRF1 lead to the main clinical features of BMF. (Blood. 2012;120(15): 2990-3000)
Introduction
Telomeres consist of tandem TTAGGG repeats and associated proteins that form a capping structure at the ends of chromosomes, protecting them from DNA repair activities and from degradation. 1, 2 The length of telomeric repeats is mainly regulated by enzyme telomerase, which can add telomeric repeats de novo at chromosome ends because of its reverse transcriptase (TERT) activity that uses an associated RNA component (TERC) as template. 3, 4 Telomere repeats are then bound by a 6-protein complex, known as shelterin, encompassing TIN2, TRF1, TRF2, TPP1, POT1, and RAP1, which is needed to form a functional telomere. 2, 3, 5 TRF1, together with POT1 and TRF2, directly binds telomeric DNA. 2, 3, 5 TRF1 has been proposed to have roles in the regulation of telomere length and telomere capping, as well as in the prevention of replication fork stalling at telomeres. [1] [2] [3] 5 TRF1 ablation leads to rapid cellular senescence because of activation of DNA damage response (DDR), 6, 7 supporting an essential role of TRF1 in preventing DNA damage at telomeres.
Dyskeratosis congenita (DKC) is considered to be paradigmatic of premature aging syndromes and it is characterized by the classic triad of bone marrow failure (BMF), skin abnormalities, and increased risk of cancer. 8, 9 The molecular basis of DKC commonly involves mutations in genes related to telomere maintenance. [8] [9] [10] Disturbance of telomere maintenance results in premature telomere shortening and subsequent replicative senescence, leading to premature stem cell exhaustion and tissue failure. 11 The most frequent DKC mutations affect the telomerase complex, including the telomerase RNA component or TERC and the reverse transcriptase subunit or TERT, as well as small nucleolar ribonucleoproteins important for the stability of TERC, such as DKC1, NHP2, or NOP10, and therefore for proper functioning of telomerase. 10, 12, 13 In addition, mutations of the shelterin protein TIN2 contribute to approximately 10%-20% of all DKC cases. 10, 12, 13 TIN2 mutations are autosomal-dominant and generally de novo mutations in contrast to mutations in components of the telomerase complex. [8] [9] [10] Concerning the clinical manifestations of DKC, patients with mutations in TIN2 appear to have more clinical features and a more severe clinical course than those with mutations in telomerase. 10, 14, 15 Furthermore, the onset of the disease develops at a younger age in patients with TIN2 mutations compared with patients with telomerase mutations. [15] [16] [17] Strikingly, patients with TIN2 mutations are characterized by presence of very short telomeres, a feature that correlates with the severity of the disease and that it is used to identify these patients versus other BMF syndromes. 10, [14] [15] [16] 18 In contrast to mutations affecting the telomerase complex, the mechanism underlying the dramatic telomere shortening associated with TIN2 mutations remains presently unknown. Of note, all known TIN2 mutations in patients with DKC are found in exon 6, in the proximity of the TRF1 binding site, 18, 19 raising the interesting possibility that impaired interaction of TRF1 and TIN2 can contribute to the severe DKC phenotype. In line with this hypothesis, deletion of the TRF1 binding site of TIN2 results in reduced in vitro TRF1 levels in the shelterin complex. [20] [21] [22] [23] Further supporting a potential involvement of TRF1 in the pathogenesis of DKC, allelic variations in TRF1 have been associated with BMF. 24, 25 However, solid proof that TRF1 mutations can cause BMF is still pending.
In the present study, we set out to test whether abrogation of TRF1 in the hematopoietic system can recapitulate the clinical features of BMF. To this end, we generated a conditional TRF1 deletion mouse model for the hematopoietic system. Our results in vivo demonstrate that deletion of TRF1 results in BMF. In addition, we were able to reproduce the main clinical features as observed in DKC patients with TIN2 mutations, such as severe telomere shortening over time, reduced progenitor cells, and progressive development of cytopenia and BMF. In summary, we describe the first mouse model simulating DKC features caused by alteration of the TRF1 shelterin component. Our results also provide the first mechanistic explanation for the severe telomere shortening in the in vivo setting of the bone marrow associated with shelterin mutations in patients with DKC.
Methods

Mice
TRF1 flox/flox mice were generated in our laboratory as described. 6 To conditionally delete TRF1 in the bone marrow, homozygous TRF1 flox/flox mice were crossed with transgenic mice expressing Cre under the control of the endogenous Mx1 promotor (Mx1-Cre). 26 Heterozygous TRF1 flox/wt Mx1-Cre mice were crossed with homozygous TRF1 flox/flox mice to obtain TRF1 flox/flox Mx1-Cre mice. All mice were generated in a pure C57B6 background. Then, 8-to 14-week-old TRF1 flox/flox Mx1-Cre and TRF1 flox/flox Mx1-wildtype (wt) mice were used as bone marrow donors. Peripheral blood (50-80 L per mouse) was obtained by jugular puncture and collected into EDTA-coated tubes for further analysis. Peripheral blood counts were measured with the Abacus Junior Vet System (Diatron) or processed for high-throughput (HT), quantitative FISH (QFISH).
Treatment and transplantation protocols were approved by the Ethical Committee of the "Carlos III" Health Institute, and mice were treated in accordance of the Spanish laws and the guidelines for "Humane Endpoints for Animals used in Biomedical Research." All mice were maintained at the Spanish National Cancer Research Center under specific pathogen-free conditions in accordance with the recommendations of the Federation of European Laboratory Animal Science Association.
Bone marrow transplantation and Cre induction
Bone marrow transplantation was performed as described. 27 Groups of 8 wild-type littermates (C57B6 background, 7-10 weeks old) per donor mouse were irradiated with 12 Gy the day before the transplantation. The following day, bone marrow of the donor mice was harvested from the femora and tibiae and 2-3 ϫ 10 6 cells were injected per recipient. All experiments were performed on animals that underwent transplantation after a latency of at least 30 days.
TRF1 flox/flox Mx1-Cre or TRF1 flox/flox Mx1-wt mice undergoing long-term polyinosinic-polycytidylic acid (pI-pC; Sigma-Aldrich) injections were used for serial transplantation. A total of 2 ϫ 10 6 cells of donor bone marrow were transplanted into groups of 4 irradiated wild-type littermates as bone marrow recipients.
To induce the Cre expression, 15 g/g body weight of pI-pC was injected intraperitoneally into animals that had undergone transplantation. Duration and frequency of pI-pC injections is indicated in the respective experiment.
G-CSF ELISA
Peripheral blood of euthanized mice was centrifuged and serum was frozen at Ϫ80°C until measurement. ELISA analysis of mouse G-CSF levels was carried out according to the manufacturer (Quantikine; R&D Systems).
FACS analysis and FACS sorting
For detailed bone marrow characterization, 10 ϫ 10 6 bone marrow mononucleated cells (BMMCs) per animal were incubated with 3% BSA (SigmaAldrich) for 20 minutes. After washing cells once with PBS, anti-sca-1-PerCP-Cy5.5, lin cocktail-eFluor450, anti-FC-receptor-PE-Cy7, anti-CD34-eFluor660, anti-IL7-Alexa488 (all eBioscience), and anti-c-kit-APC-H7 (BD Pharmingen) antibodies were added and cells were incubated for 30 minutes. After washing cells once with PBS, 2L of DAPI (200 g/mL) was added For BrdU (Sigma-Aldrich) staining and cell-cycle analysis, 150 mg/kg BrdU was injected intraperitoneally 2 hours before the animals were killed. To summarize, 1 ϫ 10 6 BMMCs were fixed for 20 minutes with the use of 70% ethanol and then denatured with 2N HCL solution. After neutralization using 0.1M sodium borate, cells were washed twice with PBS/1% BSA and incubated for 20 minutes with anti-BrdU-FITC antibody (BD Pharmingen). The samples were washed twice with PBS/1% BSA, and cells were resuspended in 10 g/mL propidiume iodide (Sigma-Aldrich).
For apoptosis measurement, 2 ϫ 10 6 BMMCs per animal were incubated with 3% BSA for 20 minutes. After washing cells once with cell culture media (DMEM; Gibco), samples were resupended in 100 L of annexin-V binding buffer (Apoptosis detection kit; BD Pharmingen) containing lin cocktail-eFluor450, anti-c-kit-APC-H7, and annexin-V-FITC (BD Pharmingen). Before analysis, 2 L of Topro-3 (1 g/mL; Invitrogen) was added to the samples.
For FACS sorting experiments, BMMCs were blocked with 3% BSA for 20 minutes and washed once with PBS. Cells were stained for 30 minutes with lin cocktail-eFluor450, anti-c-kit-APC-H7, and, where required, with anti-sca-1-PerCP-Cy5.5. After washing them once with PBS, we sorted samples by using a FACS Aria II sorter (BD Bioscience).
Colony-forming assay
For short-term colony-forming assay (CFA), 1 ϫ 10 4 , 2 ϫ 10 4 , or 4 ϫ 10 4 of BMMCs were cultured in 35-mm dishes (StemCell Technologies) containing Methocult (StemCell Technologies) according to the manufacturer's protocol. All experiments were performed as doublets and the number of colonies was counted on day ϩ12 after manufacturer's protocol.
Statistical analysis and experimental groups
Because the pI-pC-induced interferon release has various effects on the hematopoietic system, we used 4 experimental groups to exclude any effect of interferon in our mouse model. TRF1 flox/flox Mx1-Cre with and without pI-pC injections and TRF1 flox/flox Mx1-wt with and without pI-pC injections were compared with each other. All experiments were carried out with mice from at least 2 different donors, and a comparison of untreated versus pI-pC treated was performed in pairs by the use of mice from the same donor to minimize interindividual differences. In all analysis, a significance level of ␣ ϭ 0.05 was considered as statistically significant, and all graphs are displayed as mean value and SE. If not stated otherwise, "n" represents the number of analyzed mice in each experiment. Statistical analysis was performed with GraphPad prism software Version 5.0 (GraphPad).
Results
Acute TRF1 deletion progressively leads to pancytopenia and histopathologically proven BMF but not to telomere shortening
To study the effects of TRF1 deletion in the bone marrow, we crossed TRF1 flox/flox mice with a conditional knock-out allele for TRF1, with Mx1-Cre mice, which express the Cre recombinase in the bone marrow as well as in several tissues like liver, heart, spleen, and kidney. 26 To avoid the potentially deleterious and complex effects of TRF1 deletion in other tissues, we used bone marrow transplantation, allowing us to selectively analyze the consequences of TRF1 deletion in the bone marrow. To this end, the bone marrow from TRF1 flox/flox Mx1-Cre and TRF1 flox/flox Mx1-wt mice was transplanted into wild-type recipient littermates (see "Bone marrow transplantation and Cre induction"). PCR analysis for TRF1 flox and TRF1 revealed complete engraftment of the transplanted transgenic bone marrow excluding any relevant participation of the original recipient marrow ( Figure 1A ). Thirty days after transplantation, we found a complete recovery of the peripheral TRF1 DEFICIENCY RECAPITULATES FEATURES OF DKC 2991 BLOOD, 11 OCTOBER 2012 ⅐ VOLUME 120, NUMBER 15 For personal use only. on June 12, 2017 . by guest www.bloodjournal.org From blood counts and normal bone marrow histopathology in both groups ( Figure 1B-C) , indicating full reconstitution of the recipient bone marrow by the different genotypes.
To delete TRF1 in the bone marrow, we induced Cre expression every second day by treating the mice with pI-pC (see Methods and supplemental Figure 1A , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). Eighteen days after induction of Cre (day ϩ18), the mice were sacrificed because they presented with severe pancytopenia and poor health condition. At this end point, we found a significant reduction of TRF1 protein expression in the TRF1 flox/flox Mx1-Cre mice, demonstrating a successful abrogation of TRF1 in the treated mice ( Figure 1D-E) . Reduced TRF1 protein levels also were confirmed by TRF1 immunofluorescence on day ϩ18 at the single-cell level. Of note, although we found dramatically decreased TRF1 protein levels per cell, we did not find any single cell with completely absent TRF1 signals, most likely indicating that these cells are rapidly removed from the bone marrow (supplemental Figure 2A-B) .
Histopathologic analysis of the bone marrow at day ϩ18 showed a hypocelluar, aplastic bone marrow ( Figure 1B ) in the TRF1 flox/flox Mx1-Cre group consistent with BMF but no signs of hypocellularity/ aplasia in the TRF1 flox/flox Mx1-wt mice. In line with the histologic findings, all mice in the TRF1 flox/flox Mx1-Cre group developed a progressive decrease of the peripheral blood counts resulting in pancytopenia. In contrast, the TRF1 flox/flox Mx1-wt group ( Figure 1C ) showed stable or even increasing blood counts except for the hemoglobin levels owe to the blood withdrawal. To investigate the impact of acute TRF1 abrogation on telomere length, telomere length in both groups was measured before and after TRF1 deletion. We observed no significant differences between both groups ( Figure 1F ). In summary, these findings indicate that TRF1 deletion progressively leads to BMF in the absence of detectable telomere shortening.
Progressive TRF1 deletion significantly reduces the number of HSC and progenitor cells and leads to increased compensatory proliferation
To understand the effect of progressive TRF1 deletion in the bone marrow, we injected pI-pC daily for a total of 7 days (supplemental Figure 1B) . Using this approach, we obtained a significant decrease of TRF1 protein levels and a robust decrease of the bone marrow cellularity (supplemental Figure 3A-C ), yet at the same time we could obtain sufficient bone marrow cells for further experimentation. First, we performed a detailed analysis of the different bone marrow subpopulations (Figure 2A (Figure 2A-B) . We also found a significant decrease in the more differentiated megakaryocyteerythrocyte progenitors in the TRF1 flox/flox Mx1-Cre mice compared with the TRF1 flox/flox Mx1-wt controls (Figure 2A-B) . In contrast, granulocyte-macrophage progenitors did not significantly differ between genotypes (Figure 2A-B) .
Because the induction of TRF1 deletion leads to a decrease of the HSC and progenitor cells, we asked whether the observed stem and progenitor cell depletion results in reduced proliferation rates in the bone marrow. To this end, we performed cell-cycle analysis and 2-hour BrdU pulse labeling to analyze for changes in the proliferation rate. Cell-cycle profile revealed significant increased S-phase and G 2 -M phase in the TRF1 flox/flox Mx1-Cre mice (supplemental Figure  3E-F) . In line with the cell-cycle analysis, the number of BrdUincorporating cells in the TRF1 flox/flox Mx1-Cre mice was significantly 
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BLOOD, 11 OCTOBER 2012 ⅐ VOLUME 120, NUMBER 15 For personal use only. on June 12, 2017. by guest www.bloodjournal.org From increased compared with the TRF1 flox/flox Mx1-wt controls ( Figure  2 C-D) . These findings indicate an increased compensatory proliferation of the remaining non-TRF1-deleted cells in the TRF1 flox/ floxMx1-Cre mice despite significant reduction of stem and progenitor cells. Supporting the notion of increased compensatory proliferation in response to TRF1 ablation, we found significantly increased G-CSF levels in the blood of the TRF1 flox/flox Mx1-Cre mice (supplemental Figure 3D) , which is the main growth factor for granulocyte precursors. These results indicate that TRF1 deletion results in increased compensatory proliferation of the remaining non-TRF1-deleted bone marrow cells to compensate for loss of stem and progenitor cells.
Progressive TRF1 deletion leads to increased number of telomere-induced foci, increased p53-mediated induction of p21, and cellular senescence but no apoptosis ␥H2AX can form foci that marks the presence of DSBs, and colocalization of ␥H2AX foci with telomeres indicates the presence of uncapped/dysfunctional telomeres, the so-called telomere damage associated foci or telomere-induced foci (TIFs). 28 To address whether TRF1 ablation results in increased telomeric damage, we combined ␥H2AX immunofluorescence staining with telomere Q-FISH (immuno-Q-FISH) for colocalization analysis of ␥H2AX foci and telomeres in bone marrow sections ( Figure 3A ). We observed a significant increase in the number of TIFs in the pI-pC-treated TRF1 flox/flox Mx1-Cre bone marrow but a decrease in similarly treated TRF1 flox/flox Mx1-wt control group ( Figure 3B ). Because dysfunctional telomeres as the result of TRF1 depletion can lead to chromosomal aberrations, 6, 7 we next analyzed bone marrow metaphases. We did not observe significant differences in the number of chromosome aberrations between TRF1 flox/flox Mx1-wt and TRF1 flox/flox Mx1-Cre mice (supplemental Figure 4A-B) .
Activation of a persistent DDR as the consequence of dysfunctional telomeres leads to up-regulation of p53 and to cellular senescence mediated by the p53 target gene p21. 29 To address whether conditional TRF1 deletion in the bone marrow induces p53-mediated senescence in vivo, we first analyzed p53 protein levels by Western blotting. We found significantly greater p53 levels in pI-pC-treated TRF1 flox/flox Mx1-Cre mice compared with similarly treated TRF1 flox/flox Mx1-wt controls (Figure 3C-D) . Next, we analyzed p21 mRNA levels by RT-PCR in FACS-sorted bone marrow cells. We found significantly greater p21 mRNA levels in progenitor cells from treated TRF1 flox/flox Mx1-Cre mice, as well as in differentiated cells. Interesting, we observed the opposite tendency to have lower p21 mRNA levels in the HSC compartment on TRF1 deletion, which goes in line with compensatory hyperproliferation of this compartment. Immunohistochemistry (IHC) with anti-p21 antibodies directly on bone marrow sections confirmed a significant increase in p21 protein levels in the treated TRF1 flox/flox Mx1-Cre group compared with the TRF1 flox/flox Mx1-wt controls ( Figure  3F-G) . Again, we did not detect any relevant changes in p21 mRNA or protein levels in similarly treated TRF1 flox/flox Mx1-wt control mice (Figure 3E-G) . In summary, elevated p53 and p21 levels are consistent with increased cellular senescence in vivo as the consequence of TRF1 deletion in the bone marrow.
To directly assess induction of senescence in vivo caused by TRF1 deletion, we used ␤-galactosidase staining directly on freshly isolated bone marrow cells ( Figure 3H ). The bone marrow from the TRF1 flox/flox Mx1-Cre-treated group showed a massive increase in the number of ␤-galactosidase-positive cells compared with the similarly TRF1 flox/flox Mx1-wt control group ( Figure 3I) . To identify the most affected cellular subpopulation, the bone marrow from treated TRF1 flox/flox Mx1-Cre mice was sorted by FACS into differentiated and progenitor cells. Both subpopulations showed significantly increased numbers of ␤-galactosidase-positive cells, but progenitor cells accounted for the majority ␤-galactosidasepositive cells ( Figure 3I ). Interestingly, when we used the same approach for unsorted bone marrow cells with 3 additional days without Cre induction, no increased number of ␤-galactosidase positive cells was observed, indicating a rapid clearance of the senescent cells (supplemental Figure 4C) .
Finally, we wanted to address whether, in addition to cellular senescence, apoptosis also contributed to depletion of HSC and progenitors on TRF1 deletion. Annexin-V analysis of early apoptotic cells (annexin-V positive, TO-PRO-3 negative) of all bone marrow cells and progenitor cells revealed no significant differences between the groups (Figure 3J-K ). Our findings demonstrate that conditional TRF1 deletion induces p53-mediated p21 activation and subsequent induction of cellular senescence mainly in the progenitor cells because of persistent telomeric DNA damage in the absence of increased apoptosis.
Long-term induction of TRF1 deletion leads to massive impaired overall survival because of BMF after 8 weeks and massive telomere shortening
Next, we investigated the effects of long-term TRF1 dysfunction by inducing TRF1 deletion at a lower frequency, which could recapitulate a more similar situation to that of human patients with TIN2 mutations. To this end, we induced TRF1 deletion 3 times per week during several weeks (5-13 weeks) in a long-term approach (supplemental Figure 1C ). Analysis of the peripheral blood counts revealed a progressive decrease in all 3 lineages over time in the treated TRF1 flox/flox Mx1-Cre mice ( Figure 4A ). In agreement with development of pancytopenia, all treated TRF1 flox/flox Mx1-Cre mice showed histopathologic signs of BMF characterized by a hypocellular or aplastic bone marrow ( Figure 4B ). In contrast, no signs of BMF were found in similarly treated TRF1 flox/flox Mx1-wt control animals. In addition, we observed a dramatically reduced median survival of 8.1 weeks for the treated TRF1 flox/flox Mx1-Cre mice ( Figure 4C ).
In this setting of a more chronic TRF1 dysfunction, we next analyzed telomere length in bone marrow sections by using quantitative telomere Q-FISH ( Figure 5A ). Strikingly, TRF1 flox/flox Mx1-Cre mice undergoing long-term Cre-induction/TRF1 deletion showed a dramatic telomere shortening of approximately 15 kb within 7-9 weeks of treatment in comparison with TRF1 flox/flox Mx1-wt mice after 13 weeks of treatment ( Figure 5B ). Telomere length distribution revealed a massive increase in the abundance of shorter telomeres in the treated TRF1 flox/flox Mx1-Cre group ( Figure 5C ). Analysis of the telomere length in relation to the respective untreated counterpart revealed that TRF1 flox/flox Mx1-wt animals showed 7.4% shorter telomeres after 13 weeks. Telomeres of TRF1 flox/flox Mx1-Cre mice after 7-9 weeks were found to be 44.7% shorter, resulting in an approximately 6-fold increased telomere shortening compared with the TRF1 flox/flox Mx1-wt ( Figure 5D ). These results clearly show that chronic TRF1 dysfunction leads to a severe telomere shortening over time, similar to that observed in human patients with TIN2 mutations.
Because Q-FISH analysis on bone marrow sections can only determine telomere length at the time of death, we set out to perform longitudinal telomere length studies on induction of TRF1 deletion. To analyze the telomere length dynamics over time, we used the Q-FISH method (HT-Q-FISH), which determines telomere length in a per-cell basis in peripheral blood. 30, 31 HT-Q-FISH also allows for the determination of the abundance of short telomeres because it can quantify individual telomere signals per cell. 30 ,31 HT-Q-FISH analysis showed that telomere length progressively shortened over time in the treated TRF1 flox/flox Mx1-Cre group ( Figure 5E ). In addition, HT-Q-FISH revealed a massive accumulation of short telomeres in the treated TRF1 flox/flox Mx1-Cre group ( Figure 5F ). Interestingly, both telomere length and the percentage of short telomeres per individual mice showed a significant 
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Mice undergoing long-term TRF1 deletion undergo replicative senescence and exhaustion because of telomere shortening
The aforementioned results suggest that the reduction of the HSC and progenitor cells and the consecutive compensatory increased proliferation of the remaining stem and progenitor cells maybe be responsible for the massive telomere shortening and accumulation of short telomeres induced on chronic TRF1 dysfunction, thus providing a molecular mechanism for the observations in human TIN2 patients. To confirm the supposed increased proliferation and replicative stress, we quantified the IHC for phospho-Histone3 and phospho-CHK1, known markers for cell proliferation and replicative stress, respectively. 32 TRF1 flox/flox Mx1-Cre mice showed a significant relative increase in proliferation and replicative stress compared with TRF1 flox/flox Mx1-wt mice after 4 and 8 weeks of long-term Cre induction (supplemental Figure 5A-D) . (Figure 6A-B) . The number of ␤-galactosidase-positive cells in the TRF1 flox/flox Mx1-wt group was in the same range as previously found ( Figure 3I ). To test whether short telomeres affect proliferative capacities of the stem cells, we performed CFA after 4 weeks of long-term Cre induction. CFA showed significantly decreased capacity of forming colonies in the TRF1 flox/flox Mx1-Cre group (Figure 6C-D) .
To analyze the effects of long-term Cre induction after 8 weeks, we performed IHC of p21 in bone marrow sections. The number of p21-positive bone marrow cells was significantly increased in the TRF1 flox/flox Mx1-Cre group, 4.5-fold greater compared with the p21 levels of TRF1 flox/flox Mx1-wt mice. p21 levels of TRF1 flox/flox Mx1-Cwt mice were in the range as previously observed (Figure 6E-F) . To analyze the functional consequences of short telomeres and increased p21 levels, we performed serial bone marrow transplantation after 8 weeks of long-term Cre induction in TRF1 flox/flox Mx1-wt and TRF1 flox/flox Mx1-Cre mice. The bone marrow of the TRF1 flox/flox Mx1-wt mice did not exhibit difficulties to repopulate a second time. In the TRF1 flox/flox Mx1-Cre group, we found a tendency for prolonged survival compared with irradiated mice without bone marrow transplantation, but no transplanted bone marrow of the TRF1 flox/flox Mx1-Cre group was able to stably repopulate over 4 weeks ( Figure 6G ). Our data indicate that accumulation of short telomeres because of chronic TRF1 deletion is the underlying mechanism of replicative senescence and impaired proliferative capacity in TRF1 deleted bone marrow.
Discussion
Here, we set out to test whether abrogation of TRF1 in the hematopoietic system recapitulates the clinical features of BMF 
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BLOOD, 11 OCTOBER 2012 ⅐ VOLUME 120, NUMBER 15 For personal use only. on June 12, 2017 . by guest www.bloodjournal.org From associated with mutations in the telomere pathway (ie, patients with telomerase or shelterin mutations). We first show that acute TRF1 deletion results in BMF and progressive cytopenia in the absence of telomere shortening. Because of the severity of the phenotype mice had to be killed only 18 days after the induction of TRF1 ablation, which represents a lifespan of only 8 extra days compared with that of lethally irradiated mice. These findings indicate a severe dysfunction of the HSC/progenitor compartment as observed for chemotherapy and in line with previously studies confirm the essential nature of the TRF1 gene. 6, 35 In the in vivo setting of the BM, TRF1 depletion leads to dysfunctional telomeres and to in vivo induction of cellular senescence via p53 mediated activation of p21. 6 Cellular senescence was specifically found in progenitor cells and, to a lesser extent, in differentiated cells, in agreement with the fact that these compartments have the highest cell cycle activity. 36 This progenitor cell depletion explains the phenotype observed in the closely clocked acute TRF1 deletion. As a result of the progenitor cell depletion, we found an increased compensatory proliferation of the no-TRF1-depleted stem cell pools (HSCs). This increased proliferation of HSC is mechanistically explained by lower p21 levels in the HSC compartment. 37 Notably, we observed that TRF1-depleted cells did not contribute to cell division and were rapidly cleared of the bone marrow in the absence of increased apoptosis. In this regard, it is likely that phagocytosis of the TRF1 depleted senescent cells by macrophages in the bone marrow as observed for mature granulocytes may explain the clearance of senescent cells. 38 Next, by deleting TRF1 at a lower frequency and during longer times, we aimed to induce a chronic TRF1 dysfunction, which could resemble more closely the human BMF syndromes associated with telomere dysfunction. In this setting, mice progressively developed cytopenia and BMF over time until reaching their end point. Mice undergoing acute TRF1 deletion did not show telomere shortening because of the acute depletion of the progenitor cell compartment and the short time span. In contrast, telomeres were found to undergo massive shortening with time in mice receiving less frequent long-term Cre induction. Furthermore, as a consequence of telomere shortening, we observed an accumulation of short telomeres and in vivo induction of replicative senescence in the bone marrow concomitant with impaired replicative capacity.
Importantly, our chronic TRF1 dysfunction mouse model recapitulates various clinical features of DKC patients carrying mutations in the shelterin TIN2 gene. Similar to the clinical course in DKC patients with TIN2 mutations, TRF1-deleted mice exhibit progressive pancytopenia over time, resulting in BMF. 10, 39 Further, we found a reduced number of colony-forming units, indicating impaired bone marrow function as reported in patients with DKC. 40 In addition, the clinical feature of early onset of symptoms in patients with TIN2 mutations and the very short telomeres observed in these patients coincidences with the massive and rapid telomere shortening over a period of only few weeks, leading to impaired overall survival as observed in our mice. [14] [15] [16] In particular, mice with chronic TRF1 dysfunction showed approximately a 6-fold increase in telomere shortening over time compared with the control group, which is in a similar range to that observed in a prospective study demonstrating a 4-fold increase in telomere shortening in patients with DKC. 14 Furthermore, we found an excellent correlation between telomere length and percentage of short telomeres with the remaining lifespan of mice with TRF1 deletion in the bone marrow, highlighting the role of telomeres as a possible marker for clinical outcome in BMF syndromes. In this regard, in the clinical practice, short telomere length is used to identify DKC patients with TIN2 mutations 16, 18 Defects in telomere maintenance contribute to various types of BMF syndromes. Previous models for the pathogenesis of DKC proposed that stem cell dysfunction is caused by accelerated telomere shortening because of impaired functionality of the telomerase complex in the HSC because of mutations in the telomerase genes. As a consequence of telomerase deficiency, cycling HSC cannot properly maintain telomere length, resulting in progressive accumulation of short telomeres, a common clinical feature of DKC patients with impaired telomerase activity. 34, 41, 42 On the basis of our findings, we propose an additional mechanism leading to telomere shortening in the presence of a functional telomerase complex, such as it is the case of DKC patients with TIN2 mutations. Dysfunctional telomeres lead to activation of DDR and increased number of progenitor cells undergoing cellular senescence. To compensate for the constant progenitor cell lost, a greater cell turnover is needed to maintain blood homeostasis, resulting in telomere shortening and subsequent replicative senescence. We cannot completely rule out the possibility that TRF1-deleted cells can divide and contribute to the phenotype in our mice. However, on the basis of previous studies, 6, 7 this possibility is unlikely without additional p53 inactivation.
In line with our findings, recent studies demonstrated that progenitor cells with high levels of DNA damage because of aging or irradiation are cleared from the bone marrow and only progenitor cells without increased DNA damage can contribute to hematopoiesis. 43, 44 Further supporting our proposed mechanism, Wang et al demonstrated that mice deficient for the shelterin POT1b develop BMF at the age of 15 months. 45 Absence of POT1b resulted in dysfunctional telomeres, and DDR activation led to an intrinsic growth defect and progressive depletion of the hematopoietic stem cell pool. Interestingly, POT1b-deficient mice with heterozygous telomerase deficiency (mTERC ϩ/Ϫ ) develop even earlier DKC features as BMF and cutaneous phenotypes, highlighting the role of telomere maintenance for the stem cell pool. 46, 47 Interestingly, all known TIN2 mutations in DKC patients are observed in the exon 6 close-by or in the region encoding for the TRF1 binding site, raising the possibility that impaired TIN2-TRF1 interaction accounts for the pathogenesis of DKC. In vitro studies revealed that deletion of the TRF1 binding site of TIN2 leads to reduced TRF1 levels in the shelterin complex. [20] [21] [22] [23] Further supporting this notion, the recent study of Sasa et al reports the case of a 4-year-old patient with a TIN2 mutation in the TRF1 binding site and very short telomeres. 19 Coimmunoprecipitation assay resulted in a severely impaired ability of the patient's TIN2 mutation to interact with TRF1. In addition, Kim et al reported that human fibroblasts with a truncated TIN2 protein lacking the TRF1 binding site showed significantly reduced TRF1 levels. 20 In striking similarity to our data, these fibroblasts showed impaired cell growth, an increased number of DNA damage foci on the telomeres indicative for dysfunctional telomeres, and an increased number of ␤-galactosidase senescent cells. However, despite similarities of our mouse model with the observations in patients with TIN2 mutations, further data are needed to circumstantiate the hypothesis of impaired TIN2-TRF1 interaction responsible for the pathogenesis of DKC. In summary, we provide the first mouse model simulating DKC features caused by alteration of TRF1 and the conditional TRF1 deletion represents a useful model to further investigate the pathogenesis of DKC.
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